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ABSTRACT

An analysis based on the 1ifting surface theory has been developed
for evaluation of tke vibratory velocity field induced by an operating
propeller in both uniform and nonuniform inflow fields. The analysis
demonstrates that In the cate of nonuniform flow the velocity at any field
point is made up of & large number of combinations of the frequency
constituents of the loading function with those of the space function
(propagation or Influence function). A numerical procedure has been developed
adaptable to a high-speed digital computer (CDC 6600} and the existing pro-
gram, which evaluates the steady and unsteady propeller loadings, the
resulting hydrodynamic forces and moments and the pressure field, has been
extended to include evaluation of the velocity field as well., This program
should thus become a highly versatile and useful tool for the ship researcher

cr designer,
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i
f NOMENCLATURE
é l a Q/u
? ‘ f(u) function defined in Eq (19}
g',z(u) functions defined in Eq (18a,b)
E ' h(u) function defined in Eq (17)
Im(x) modified Bessel function of first kind of order m and
' argument x
[ Jn(x) Bessel function of order n and argument x
: l Km(x) modified Bessel function of second kind
K(m) spacz function
I Ri?;?L derfv§tives with resPect te x,r,®, re§pec%ively, of
modified space function (atter chordwise integration)
i ' k variable of integration
L(p,ed) blade loading, 1b/ft
l 2 integer multiple
’ l m integer
; N number of blades
! n blade index
i n order of chordwise modes

AP(E,p,eo) pressure jump across propeller blade, lb/ft2

>

q order of harmonic of velocity field
i Descartes distance

r radial ordinate of field point

s propeller radius

lifting surface

LT aaile o o gaar ke
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t time, seconds

u free stream velocity

u = k+alN , variable of integration

X,Y,2Z Lartesian coordinates of field point

Xy Py P cylindrical coordinates of field puint

5(x) Dirac delta function of x

90 angular position of point on propeller blade, in propeller
plane, with respect to midchord tine

Oy angular chordwise location of point on blade

eb projected propeller semichord length, radians

8 = (2n/Nj (n-1),n=1,2,...N

A(E)(x) defined in Appendix A

Y order of harmonic of loading

§,p,eo cylindrical coordinates of point on propeller blade

o) radial ordinate of point on propeller blade

Pg mass density of fluid, slugs/ft3

o/ angular measure of skewness

T variable of integration

] velocity potential

® angular position of field point

Q angular velocity of propeller

viti
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INTRODUCT I CN

The characteristics of the oscillatory propeller-induced velocity
and pressure fields constitute the essentials for knowledge of the vibratory
effects of marine propellers on nearby bodies (hull+appendages). Since
presen~ technical developments put great emphasis on increased ship speed
these vibratory effects have become a very imp;rtant problem to the naval

architect,

The basic tools in the endeavor to evaluate the pressure and velocity

field generated by the propeller asalifting surface operating in nonuniform

(1-5)

loading problem has beern treated by means of the acceleration potential

flow are fourd in the funcamental Davidson Laboratory studies where the
method. The resulting integral equation, which relates the unknown loading
distribution to the knowr velocity distribution normal to the blades, has
been solved by using the mode approach and collocation method in conjunction

with the so-called ''generalized lift operator' technique.

©

which the analysis and numerical procedure have been developed and adapted

The vibratory pressure field has been the subject of a study

to a high speed digital computer. With the knowledge thus acquired of the
vibratory pressure field around an operating propeller, the vibratory
effects on a nearby flat boundary can be determined approximately by inte-

grating double the free space pressure over the flat surface.

This information, however, will not be sufficient for the study of
vibratory effects in the case of a body of arbitrary shape, if great
accuracy is required, The presence of a nearby body or ser’es of bodies
should be taken into account by studying the mutual interaction between the
marine propeller and the neighboring bodies. The propeller-rudder interac-

(7)

tion problem has been the subject of a study which has considered the
rcwnlete interaction for any given geometry of the interacting surfaces when
both are immersed in nonuniform flow, The huil-propeller-rudder interaction

problem car be tackled in similar fashion and thus the long range objective
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of evaluating the propeller-induced vibratory effects on the hiull is within

reach,

An essential requirement of such a stuly Is detailed knowledge of
the vibratory velocity field. The present study investigates the propeller-
Induced vibratory velocity theoretically and o this basis develops a
numerical scheme adaptable to a nigh speed computer for evaluating the
velocity field, Thus the existing program, which evaluates the steady and
unsteady propeller loadings, the resulting hydrodynamic forces and moments,
and the pressure field, is extended to include the velocity field as well,
This program should become a highly versatile and useful tool for the ship

researcher and ship designer.

The steady and unsteady velocity field around an cperating propeller,
in a uniform flow field only, has been studied by assuming the propeller
, l.e. a propeller with infinitely many

(8,9)
(10)

blades, or as a lifting line model . The present study, an application

ei+*her as an actuator disk

of the unst ady propeller 1lifting-surface theory, takes into account the
nonuniformity of the inflow field as well as the exact propeller geometry
with its finite number of blades fecrming helicoidel surfaces, and hence

is unique,

This research was sponsored by the 0ffice of Naval Research under
Contract N0OO14-67-A-0202-0022, NR-062-012.

VELOCITY POTENTIAL DUE TO BLADE LOADING

The velocity potential at a point (x,r,9) due to the loading of the
blades of an N-bladed propeller operating in a spatially varying infiow

field is given by

| N > ) inQt-8 )
2{x,r,%5q) = - Trp U Ll j'éf }\2 AP (8,0,6 )e (1)
n= =0
x ina(t-x)
- a } o
e 3-;]' R drds

-C0
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whare q and A are positive integers defining the deslred frequency of

the velocity field and the appropriate frequency of the propeller loading,

o Sowwi ey

Bt TERR Y PRIFIRINEL S, S . P < v
0 " B . . I R R .
. . . N X M . .

respectively, and

x,r,o = cylindrical coordinates of point in space referred
to axes with origin at the propeller hub

§,p,90 = cylindrical coordinates of ‘oading point on propeller
U = free stream velocity, ft/sec
PR fluid density, slugs/ft3

<) = angular velocity of the propeller, rad/sec

a =0/, 1/ft
AP(A)(E,Q,SO) = propellier loading, or pressure jump across the propeller
biade, 1b/fte
) o o - 1/2
R = {(1~§) +r +p -2rp o3 [eo -0t + en - a(T-x)-¢J } , ft
%; = normal derivative on the helicoidal surface at the loading point
(§,p,eo) on the propeller
én = %E (n-1) n=1,2,...N
2
S = blade surface, ft

The normal derivative to the helicoidal surface (specified by & = eo/a)

is
3n /]+a202 €k pc 39,

By making use of the expansion scheme for the reciprocal of the

Descartes distance R , viz.:

® im(90—0t+5n-a(T-X)-@);” . i(t-E)k
mE we émlm(lklpjkm(lxlr)e dk

=d
-

| —

(when p < r , otherwise p and r are interchanged in the nodified Bessel

functions)

Lad
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and the facts that

g -1(A-m)B_ s A=m= N, =0, £, 25,
Rty T lo, A -m N
and from the time-dependent factor

AN=-m=gqg = gN

it can be shown that the potential function becomes
-] .
It
8(x,r,p;q) = j‘j‘ ZAP(A)(E,D,GO)e « K(m) (x,7,9;8,0, QO;CI)dS (2)
S A=0

where the K-function is given by

(m) ~Np ®
K™ (x,r,9;8,p,6_3q) = T e
° lmzprv l+a2p2 m= =
m=A~-4IN

~meo

i (m) m
e [ ko0 (K P! T8 ke Jae

X
. I elaLN(T-x)(a %E - lE.Q__) [e
p - (3)1

i 890
It is seen that theoretically an infinite number of frequency constituents
of the loading function AP(K) and of the space function K(m) combine t»
give the velocity potential at blade frequency and multiples thereof, and

hence the velocity at any field point. (This was observed by Breslin ~nd

Tsakonas in Ref. 11.)
The integration over the blade surface can be converted to integra-

tion over its projection in the propeller plane, so that Eq (2) becomes

0 S5z

b e . 22
a(x,r,939) = [ [ 5 aptM (g,p,eo)e'@tk(‘“) ——;—gi-ﬂ— o dg do
P =6 A=0

where 9 is the projected semichord at each spanwise location p , in

radians, Since

8, = 0 - 8 cos8 = af (4)

wnere ¢ is angular position of the midchord line of the projected blade

L
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from the generator line through the hub, or skewness, and 9 is angular

chordwise location of the loading point,

3(x,r,p;q) = J'J‘KZ; L(k)(c 8 )etit (m) ---—9— sing,do do (5)
p O A=

with 1™ (0,0,) = ap™™) (5:0,8))- oo, , Ib/Ft

On taking the derivatives in (3)

‘

L N A P O R CA)
ap

3 e
by pra m==co

.jxeia‘”(“x‘j (ak + ——)l nlk]p)K (k| rye! (T8 kg e (6)

-0

The T-integral of (6) involves

) i (k+asN)x
J\ ei (azN+k)TdT = ﬂ& (af,N*'k) = = k"'a ZN (7)

-

where §( ) is the Dirac delta function. On suoscituting Eqs (7) and (&)
in (6), it becomes

k(M _ iN_ s im(o-9)
PR hmew

-1 8 6
. { uLN(o-ax) iND,cos @ (aIZN'p)K (algNlr)[ -a gN+m/p ]

e Im(lklp)Km(Ik[r)(ak+m/p2) ik(x-g/a) - (m-k/a)ebcosO
1 e dk
™ k-a N e }

-0

(8)

(for p < r, otherwise p and r are interchanged in the modified Bessel

functions.) Here only Pe and U are dimensional and x,p,r,a and k have

been nondimensionalized with respect to prepeller radius r, as has p in

Eq (5).
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The loading function L(x)(p,ea)
direction by the Birnbaum mode shapes:

is approximated in the chordwise

) e -
LMo, = 110Ny cor 2 2L e)sinGin e}

The propeller loading distribution at any frequency is now given in terms of
a spanwise (p) loading distribution which is available from the existing
program('a"B) and a chordwise (ea) distribution of n modes which will
allow the chordwise integration to be performed analytically,

After the chordwise 8,-integration, Eq (5) becomes

B, 9ia) = [ 1z LR () l0tgmR) (9)
g n=1 A=0

where the modified space function Is

R(m,ﬁ) - %.j: K'(m)-@(E)slneadea

2

@(l) = cot 2

8(n) = sin(ﬁ-l)ed , N>
With A-m=q=N,£=0,%1,%2 ., for each &

R(m,ﬁ) =4 iNe‘m(o-q» {%iZN(o-ax)(

Zx 2 - 2201 ol o ol o 1P o)

@ 2
_i J o 1k(x-0/a) (w/pZ+ak) Lk lo)K (k)

k+aiN

A (e 0,)dk} (10)

for p<r (forp>r, p ang r are interchanged in the modified Bessel
functions), The symbol! A(n)(x) is defined in Appendix A.
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VELOCITY FIELD

The velocities in the x, y and z directions of the Cartesian coordi-
nate system with origin at the propeller hub at a point x,r,? due to the
propeller operating in spatially varying inflow will be the derivatives of
the velocity potential & with respect to x,y and =, respectively., Since

z =t cos9
y=r sing

the derivatives with respect to y and z can be obtained in terms of
derivatives with respect to the cylindrical coordinates r and 9 as

RSN
TR sing + YU Cos®
Qz ér 1 fg

T = 'D—coscp-?u sin®

in non-dimensional form,

Velocity Components

The derivatives with respect to x, r and ¢ determine the axial,

radial and tangential components of the velocity.

Axial component:

® ®» o - , .-
= (x,req) = [ T 3 L om) gy I RR M) g (1)
v n=1 A=0 X

where m=A-IN=A-q , and for each £ and q
Ne m (U'QP)

R(m: F') = o

{-aZNGﬂ- -aEEN)e'zN(G_aX)I (a] 4N |p)
X p2 my i

hnpfu ar _
. ﬁn(a]zN]r)A(n)(heb)

& 2 ‘
=i k(ak+m/ o]
Fl I@ —1%152ﬁ9_1 'm(|k|p)Km(|k|r)e' (x-0/a)

™ (neksa)ay) acf (12

for p < r , otherwise p and r are interchanged in the modified Bessel

functions,

e iad




Radial component:

$
——(X,T,w q) = I Z T L(K’n)’p) 'qntk(m)n) (13)
p n=l A=0
whre for p<r for each £ and q

a KR L, e oy @
byy fU2aro Loe p

aZzN)eiZN(o-ax)

Im(aILNIp)
 [Ruep al v ir)ek, (ol an ) ] 4@ gy

o L e, ol (ki (0]

e'k(x-c/a)A(a)((m-k/a)eb)dk} (14a)
for p>r
b) K(m,n) m(o'¢°{+algN IGEE -agﬂN)eizN(G-ax)Km(alLNIp)-

hnpfuaar
['m-l(a!‘N|')+'m+1(allNlrﬂ A(")(xeo)

b SR o1y (119

e‘k(x'°/a)A(")((m-k/a)eb)dk} (14b)
and for p=r It can be shown that
_(m)a)
c) K (p=r) = [Eq 14(a) + Eq 14(b)] evaluated at p=r (14c)

r

Tangential component:

(=]

§..(x,v,9;q) 1

where r |Is nondimensional with respec. to s propellar radius and,

for p<r and each £ or q
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o = im{g-9) m
Kép,n)_ + Nme {075

2,1 14N(o- =)
tmpgar_ L2 ¢ T el lo)k, (o] 1419 )

® 2
Tl“r a'l:::fn )'m(’kIp)Km(lklr)e”‘(x'o/a)

-0

A" ((mek/a) g, ) o} (16)
For p>r, pand r are interchanged in the modified Bessei functions,

The integral terms of the modified kernels (Eqs 12, 14, 16) all have
Cauchy-type singularities at variable points depending on values of
1=0,%),12, .. Use of a transformation u=k+afN fixes the singular point
at the origin, thus avoiding the complications arising in the numerical
integration from singular points at varying values of k .

Influence Functions

Letting u=k+atN , Eq (12) becomes

R(mxﬁ)g _ Nei(ka-mqhaENx)
X

hﬂpfuearo
e Lagn(a2 2 (n)
{aLN(a IN-m/p )Im(aliNlp)Km(allNlr)A (Aeb)
- ni J‘ h‘u!;h!'UQ IU} for o] <r (17)
o

where h(u)a(u-azN)(au-a2£N+m/p2)Im(lu-azn]p)Km(lu_azN,r)eiu(x-o/a)
A (rewraye)

The integrand at u=0 s evaluated in Appendix B as
a) when q=£=0 s M=A=0

im [hguzahg-ul =0

i
u-0
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b) When q=f=0, m=Ag0

u-~-0

Vin [ﬂ‘.‘)_;_l"_(ﬂ] '{('/92)(0/1‘)"‘1\(;) (Aeb) forpsr
(‘/éa(r/p)mA(;)(Keb) forp=2r

c) When g=IN#0

Tim [ﬁiﬂlahilﬂl] = -2 {1, (a [tNIo)K_(al 2N]r) }

u-0

. [[ 2a2LN-m/p2- i(x-o/a)aln (aezN-m/pE) ]A(E) (xeb)
-lebLN(aleum/pa)Asa)(Xeb)]
; {bxm(alzulr)[im_](allep+|m+'(a!znlp)]-rlm(alzuip)

‘K _ (a]an]r)+ (aleN| r) |} azN(aELN-m/oe)A(;) (N8, ) , for psr
K1 Kt 1 b

Where the upper sign (-) is used when £ > 0 and the lower sign (+) when
£<0. When p>r, pandr are interchanged ir the factors in braces
(Involvlng modified Bessel functions and their derivatives).

The closed term of (17) can be shown to ba equai to zerc when gq={=0,
Equation (14a) for p < r becomes with u=k+afN

R,(.m’ F\) (p < r)n-Ne' (M-m@-aﬂNX)

l&rrpfvzaro
- {- 2ol 1@ en-mso?) 1 (al N p)[Km_' (al Nl )+ (al 2N ) | A" (Aey)

o g,{u)-g, (-u)
+ ]E ‘fo —I—u—]—-— du} (18a)

where 9 (u)=| u-afN| (au-a2<-N+m/p2) Im(' u-atN b)[Km-l (lu-aN |r)+K"rH (| u—aijlr)rIl

celY (x-o/a)A(ﬁ) ((A~-u/a) eb)

It can be easily shown that when q=4=0 the closed term of (18a) becomes

10
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(1/2) (/™ /e 2™ (n8,)
where m=A since g=0.
The integrand at u=0 is evaluated in Appendix C as

a) When q={=0, m=A=0

[M] (/D) A (0)

lim
u -0

b) When gq=£=0, m=A#0

(u)-g, (-
in rf’_‘_."_f,‘._l_’_] =R (p/r)"{[akim/P) (x-0/2) 1™ oy

u —vDL
+(in/o?) (8, /0™ (re))
c) When q=iN#0
~ r9y(u)-gy (-v)
l._n:o[—————“u } :t2{lm(auN|p)[Km_'(a|ZN|r)+Km+‘(a[!,Nlr]}
. {[2a22N-m/p2-i(x-c/a)(azN)(aezN-m/pzﬂ A(E)(keb)

-iebEN(aELN-mlaz)A§a)(heb)}

+a2N(a22 N—m/pe)A(a)(XQb)

{p[l ](alznlp)nm“(almlp)][ ,(auNlr)H( ](aIENlr)]

-r1_(a]en] p)[Km_z(a |aN[r)+2K {al aN[r)+K ([N lr)]}

where the upper sign (+) is used when £ > 0 and the lower sign {-)

when £ < 0,

Equation (14b) for p > - becomes with u=k+alN
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Nei(xo-mqhasz)
hﬂpfuzaro

Rfm’;) (p>r) =-

- {2)a || (PenmrodK (alenlo)1_ Ga ban )+t Gl o8] r)]/\(;) (ns,)

+(1/2n) j‘m -9—2—(‘1—)-;9—2(-1’)— du} (18b)

where g, (u)= -Iu-azNl(au-ael,N'&m/pz)Km(]u-al,N |p)[|m4({u-am]r)+| m‘(]u-a!,NI r)]
. eiu(x-a/a)A(ﬁ) ((A-u/a) Bb)
In this case when q=£=0 the closed term is
-(i/2) (r/p)m(m/rpa)l\(;) (r8,)

The integrand at u=0 Is evaluated in Appendix € as

a) when g=£=0 , m=\=0

. [ 92(U);92(-U)]

u -0

=0
b) when q=£=0 , m=A#0

(u)-g,(-u) .
Tim [?-2-—"-;&-1-] = C2/)r/0)"fat (im/6Y(x-72) 1M (g, )

u=C

+ (in/o?) (/a3 (rg,) }

c) when gq=IN#0

g,(u)-g,(~u) )
[ 2 - 2 _] = +2Km(a|LNIp[lm_](aILNIr)+|m+|(a|zN|r)]

lim
u-.O

. {[QaezN-m/pa-i(x-c/a)aEN(aazN-m/pe)]A(a)(heb)

n)
-iesz(aezN-m/pe)Afn' (xeb)}
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#—

+(a£N)(azzN-mip2)A(;)(Xeb)

. {plr_l(m-'(alLNIp)+Km+'(aILtllp)'Ilm_](a kﬂ'r)-ﬁ-tmi(almlr)]

e}

-er(a imlp){lm_a(a!m |r)+2!m(a|w|r)+lm+2(a|£u|r)]}

where the upper sign (-) is used when £ >0 and the lower sign (+)
when £ <90,

With usi+aiN , Eq (l4c) for p=r becomes
"(m};‘)
K'_ {p=r) [Eq (18a) + Eq (I8b)] evaluated at p=r {18c)

On substituting u=k+agN Eq (16) becomes

Nei (Ag-mp-athx)

Gomemp Yoo ey ped g

z(m,n) - -
K‘P

2
lmpr ar_

. {@(aezn-m/pz)lm(alzn|p)xm(alznlr)A(a)(xeb)

T WP T T TR TIOTR I U T o D "™ MY VPR FU T XUV W

(/m) [ [E=fCu) 1
UGN el (19)

where f(;)*(au-a22N+m/p2)Im(|u-azN|p)Km(|u-a£N|r)eiu(x-°/a)A(a)((A-u/a)eb)

it can be shown that when q=f=0 the ciosed term of (19) becomes

(-m/EpQ)(p/r)mA(F‘) (xeb) for psr

(-mIEés(r/p)mA(;)(Keb) for p2r

The integrand of (19) is evaluated for u=0 in Appendix D as

] L e ¢ s | nmey dornmdy Wnaocof

a) when q=f=0 , m=A=(

llmm[ﬂgﬁﬂﬂ)—]=0

u-0

; ; 13
L
|

—
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b) when gq=£=0 , m=A#0

iifbm [fi!lﬁfi:!l] = {[é+i(x-ahﬂm/p2]ﬂ(a)(keb)+(i6b/a)(m/pa)x$5)(heb)}

. ((p/r)m for p<r ‘
I(r/p)"1 for p2r J

c) when q=fN#0 , m=A-gN

lim m [fi!laf&:!l] = +2m{[a-i(x-c/a)(aaﬁN-m/pg)]A(;)(kab)

u L0
-(iebﬁﬂ(aatN-m/pz)A$ﬁ)(heb)}lm(aIZNIme(alzNIr)
tn(a2en-n/o2)a (™ (ne,)

. {bxm(alzulr)[|m_](a]zu|p)+|m+|(a|zn|p)]

-rlm(allN]p)[Km_l(aILNlr)+Km+l(a|£N|r)]}

for p < r , otherwise p and r are interchanged in the product of the
modified Bessel functions and its derivacive (the factor in braces in the
second term). Here the upper sign (+) is used when £ > 0 and the lower

sign (-) when £ <0

When m=0, i.e. A\=fN whate rer the value of £,

'(m: ‘-‘)
K =0
P

STEADY-STATE AND BLADE-FREQUENCY VELOCITY FIELD
FOR NONUNIFORM AND UNIFORM INFLOWS

It is easily seen from Eq (9) that in the steady-state, nonuniform
inflow case, when q=¢=0 , the velocity potential is given by
o

5,930 = ke = ox LM () kMg, (20)
p n=1 A=0
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whereas in the unsteady blade-frequency case where lz]- 1 the velocity
potential becomes

$(x,r,o;N) = R.P. { "m ; ; ,_(A,r'r)(p) R(x-n,ﬁ)

pE|x=o
+ conj.[L(x’n)(p) R(K+N’n)]}dp}

where in the first term on the R.H., R(m,n) is evaluated at m=A-N,2=1 ,
and in the second term at m=A+N,fL=~-1 . Therefore the blade-frequency

velocity potential is

#(x,r,o;N) = J ; ; {L(x’a)(p) R(K-N’;)+conj.[L(x’ﬁ)(p)R(h+N’E)]}dp
™ (21)

in t° uniform inflow case, on the other hand, with A=0, the corres-

ponding values are:

8(x,r,9;0) = [ _; L(O’E)(p) R(o’a)do (22)
o n=1
and (-N,;)

#(x,r,0:N) = [ -; L(O’B)(p)[k + conj.R(N’a)]dp
p n=1i

o - -
=2 [ 10 (g gy (23)
p n=l

The velocity field is given by the derivatives with respect to x,y,z
of these velocity potentials. In non-dimensional form in the steady-state,

nonuniform inflow case, q=4=0 , m=\

(0)
v ? (0)
’J =—=J = = L) () KO‘ F dp (2ka)
p n=1 =0
(0)
v 3 (0) . -
< =+=] = = L) oy RPN (24b)
o n=1 A=0




v

o

Vo O P L(x,n)(,,((x,mdp (2lc)

/] rr U r n=l A=0

where K(m,n), Rﬁm,n) and g(m;n)

are given by Eqs (17), (18a, b or ¢)
and (19), respectively, Note that the argument of the potential refers to

the value of the frequency.

In the unsteady, blade-frequency case g=N, |L|=l, m=A~gN

(N)
v—l’;—— = QG(N) [ = z L") (g )K("’N )
¢ n=1
+conj [L(K’E)(p)R(K+N’E)]}dp (25a)
* X
(N)
v & _(N) -
—=—t—=( % LM e,
V v o el Amg (o )K( »
+conj [L(k’;)(p)R(K+N’E)]}dp {25b)
- r \
(N)
v 3 (N) (h N,n)
GL=-L—G=—J‘ T T L(X)n)()
" [ n=l A=0
+conj.[L(K’E)(Q)Ré}+N’;)]}dp (25¢)

NUMER!I CAL RESULTS

A numerical procedure for the evaluation of the velocity field
induced by a propeller operating in spatially uniform or nonuniform inflow
has bezen developed and incorporated in the existing program which computes
the ioading on the interacting blades, the resulting steady and unsteady

hydrodynamic forces and moments and the pressure field.

The enlarged program has been used to calculate the steady-state and
blade-frequency theoretical velocities in the x, y, @nd z directions in the

neighborhood of the NSRDC 3-tlade, 12-inch diameter, marine propeller

16




No. 4115 of blade area ratio BAR = 0.6, which kad been treated in earlier
studies. The blade loading distributions and resulting forces and moments

had been presented in Refs 3, 5 and 12, the blade-frequency pressures in
the vicinity of the propeiler in Ref 6.

In Ref 6 the th:oretical pressure calculations were shown to be in
satisfactory agreement with the avallable experimental results('u) for both
uniform flow and the nonuniform flow generated by a wake screen. The
present computations of the veliocity field have been performed for the same

conditions, viz.,

Advance ratio, J 0.833 (Design)
"Ip Clearance 5% of diameter (r = 1.1)
fngle 9 (clockwise from 0

12 M position looking aft)

over a range of axial distance x from the propeller plane, from -0.3 of
radius (upstream) t> 40.3 radius (downstream). Thes harmonic analysis of the

screen wake survey was that supplied by NSRDC.

The results of the calculations are shown in the figures., Figures |
and 2 present the real and ‘maginary parts of the unsteady, blade-frequency
X, y and z components of the velocity, in nonuniform and uniform flow,

respectively. Figures 3 and 4 depict the steady-state components.

Figures 5-7 are comparisons of the unsteaay, blade-frequency veloci-
ties for uniform and nonuniform {low conditions. These figures show that
nonuniformity in the flow reduces the amplitudes of the velocities in the
neighborhood of the propeller. This was to be expected from the comparisons
of the experimerital blade-rate pressures for the same tip clearance, angle ¢
and J in nonuniform and uniform fiow given in rigs 33-35 of Ref 14, where

cel . *
it is seen that nonuniformity in the flow increases the pressure magnitudes.

The pressure can be computed from the velocity components by using

Bernoulli's linearized equation for free-space pressure

*It is to be noted that the peak in bplade-rate pressure in uniform flow in
Fig 34 of Ref 14 is in error, as comparison with Figs 15 and 16 of that
reference will show,
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¢ ad
P(x,r,p;t) = 'Df('g‘% + U 'é‘;)
= -pf(ﬂrro\!q) + Wx)

(The pressure cn a flat plate is twice the free-space value,) Calculations
of the blade-frequency pressure in a uniform flow field for the small axial
range -0.3 < x < 0,3, using the velocity components shown in Figure 2, check
quite well with the corresponding pressures on a flat plate arising from
blade loading in Figure 13 of Reference 6, which compared well with experi-

mentally obtained values.

CONCLUS ION

The vibratory velocity field induced by an operating propelier in
uniform and nonuniform inflow fields has been determined on the basis of
lifting surface theory, and the developed numerical procedure has becen
incorporated in the existing program, adapted to the CDC 6600 high-speed
digital computer, which evaluates the steady and unsteady propeller load-

ings, the resuiting hydrodynamic forces and moments, and the pressure field.

The analysis demonstrates that, in contrast to the case of uniform
flow, in nonuniform flow the velocity at any field point is made up of a
large number of combinations of the frequency constituents of the loading

function with those of the space function,

The results of calculations for a 3-blade propeller in uniform flow
and in a 3-cycle screen-generated w.ke show that the effect of the non-
uniformity in the flow is to reduce the amplitudes of ths velocities in the
neighborhood of the propelier. Although no experimental velocity data are
available for this case, this effect of che nonuniformity is confirmed by
the experimental data on pressure fields induced by the same propeller
under the same conditions which show that the nonuniformity increases the
pressure amplitudes, Furthermore, pressures computed from the theoretical
velocity cnuponents in a uniform flow field show good agreement with both
earlier ca'culations of the pressures due to blade loading and experimental

pressure measurements,

=
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The particular case of a propeller !In a screen wake was selectea for
purposes of comparison and because, the wake being pure third harmonic and
strong, wake measurements were accurate. Unfortunately these wake charac~

teristics are not those of a typical ship.

It is to be noted, furthermore; that the present report has con-
sidered urly the effect of blade loading on the velocity field, Blade
thickness Is also important., An expression for the velocity field due to
this effect ~as been developed analytically, and will be Incorporated In
the present p.ogram and applied to the case of a propeller in an actual
ship wake, in an exiension of this investigation,

. |
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APPENDIX A

A(a) (x) and Aga) (x)

I A“;) (x) = % j‘“ a(n) exp(-ixcosea)sinea dea (A-1)
o

where g(1) = cot(s,/2)
9(5) = sin(ﬁ-l)ed , n> i

Then

A“)(X) = J,(x) -id,(x)
- A N=2
A(n) (x) = -(-—')2—— [Ja_e(x) + Ja(x)] , n>1
where Jn(x) is the Bessel function of the first kind of order n and

argument x

- T
0 A§“) (x) ,% j‘o e(n) exp(-ixcosea)coseasinaadea (A-2)

A 60 = [, = 9,00] 19,00

- ,\n+l
Ag") (x) = -(1'-%.— [Jﬁ_3(x) - Jﬁ+l(x)] , N> 1
It is to be noted that

(n) m
u 2 _!. - - ~ .
3% o fo ®(n) exp( ix&.csea)cosedsuneadea

GEHg T CER UEF D @R DIy DN GNP ANEN SN0 g g G Peed Sy

= -EASE) (x)

.

A-1
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APPENDIX B

Evaluation of the Integrand of K at u = 0
Y5e integrand of Ex(m'ﬁ) is
[hguz = h(-u)’ (8-1)
where h(u) = (u - asN) (au - 222N + f%a ilm(lu-ajﬂlp)Km(lu-azNIr)]
+ D AD (o by )

and q = N, £ =0, &I, £2,...
le =4 =0, m=)

M””W“?[WW%WﬂeM“QWWWQW

nu) = -ufaur By 1 (o) (ur) ] e U0 D) A®) (0 By

Y
Then

b = b Ly k()] faue 0D 2 (oo g

u

et bt et Gameg Gy GENg GNNG GEN S N B0 S e

- e-iu(X' %) A(n)((}d' _:_)eb)qg

b B TeM0 3 A0 (o B pee 0 D ) (0 Yy, )

p

a) whenm =) # 0 o
|
7 (%) A(n) ()\eb) for p < r

vim | pdchCu)] fe” 0 (B-1a)
w0 L <) A" (ne,) For o> v
p

B-1
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b) whenm= ) = 0
m [1'.(9).%2.(:_“).1 =0 (8-1b)
q = 0
h{u)-h(- 1 . 2

513 _iﬂla.S.EZ] = ;ig G-{(u-azh)(au-a NG f:) [lm((azN-u)p)Km«azN-u)r)]
- tutxe 9 AP (- g
- (-u-am)(-w-azw;“lz-) 1o (aseu) o)k ((apiru)r) ]
sl A (s Doy} forp<r

By L'Hospital's rule

h(u)<h(-u)7 _ 3lh(u)-h(-u)]
Lll-'o‘(')l [ u ] ou u=0

f 2 m 2 g 2 m
= |im {| au-a“ gN+ 4+ au-a AN+ (x- =) (u-agN) (au-a” N+ =)
0 \[ pi a p2 -]

+ LIntamuio)k () | lute D, @), uy

+ [-au-az,c,m -"-5- - au = azzN + Y %)(--u-am)(-au-azf,m —mz-)]
p p

-tu(x- %) n

. [l o)k ()] e A"+ D)

+ (ura) (au-alms e 0 Da D (e Do 1a (asmow i (aah-u)r)
p

- v 1 (atN-u)p)K! ((ah-u)r) |
- (-uasN) (-au-aZ g fz)e-“'(*' DD (G Do) (o1 (@) o)k ((aamea)r)
+ 1 (@) p)K! ((aavwu)r) ]

B-2
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u(x~ € ar ™ (3 5o,

+ (u-azN)(au-azzN+ ﬂ%ﬁ [lm((aLN-U)p)Km((azN-U)f)} e

Au
(D) u
AT ((x+ o
« (~u=agN) (-au-a’ gt -;"’,) [1a(@na) K (asu )] 7100 D T
where
(n) u
A (= 3)8) 9 -
S £ !u=0 =+ .EP.AI(")(;\%)
20 (o Yo,) % (i)
Ju 4=0 = -1 "'a-A, (leb)

and A§n) (xeb) Is defined in Appendix A,
Then, whatever m,
h(u) = h(-u
‘1,1,(1’ -i—)-——--ﬂ—)-u ] == 2 [Im(al,ﬂNlp) Km(alzNIr)]

. {[+2a21N- f% - 1(x~ %)(aLN)(azzN- i%?] A(a)(leb)
- To, IN(a” - —'s})/\fn)(xeb)}
p

- 2(aN) (a%4N- —“—;-)A(") (32,)
)2
. [plf:‘(allep)Km(aller)+rlm(a|lep)K‘:‘(aller)]
(8-2)
where
I'Il=-‘~f-l (ai N1p) (al gN1p)
m@INT) = 5| 1 y(alMip)+r  (alaNtp ]
. (B-2a)
Ky (alNir) = - -;—LKm_'(al!,NIr)+Km+,(a|£Nlr]

Here p < r otherwise g and r are interchanged in the modified Bessel

functions and the last term in brackets of (8-2).

3-3
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tit., q= gN < 0, whatever m,

u=0

1im [1‘.(9.)1"1‘.(:!).] = ",13 % {(u-a,m) (au-azl,m ;"%) [|m((u+alt,Nl)p)Km((u+alle)r-J‘

+ el B 4B (e Loy

- (-u-aLN)(-au-azzm ;"-'f) [lm((-u+alzlJl)p)Km((-ma}le) r)]
e MDA (4 Yo )}

tim [P g [ Gt i)k (i) ]

w0
Arze? - By - 10x- D 2w (o2 57 4 g))
p P

p

+ 2(am) (a2h- 2™ (30,)
p
. [o12rmip)k (a1 nir)ert (alanip)katanir) ] (8-3)

T A T e | T an WL o A O T ol AP W W gy ~

for p < r. Agaln If p > r, p and r are interchanged in the modified Bessel
functions and the last term in brackets in (B-3).

B4
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«'PENDIX C
Evaluation of the Intsgrand of Rr at u=0

A. For the case: p<r

The integrand of Rﬁm,n)(p <r)is

[9, (u)-g, (-U):l

- (c-1)

where g.(u) -lu-ale(au-a2£N+m/p2){lm(|u-azN b)}

¢ {Km-‘ (lu-a[,N ,r)+Km+' ( IU-BLN’ r)}eh-'(x'c'/a)A(Fl) (()».-u/a) eb)

| =4=0 , m=)\

g‘(u)-u(au+m/p2){lm(up)[Km_'(ur)+ﬁn+](ur)]}e‘u(x'o/a)A(;)((K-u/a)eb)

and g‘Gu)ﬂubeu+mbe){Im(up)[km_](ur)+KM+I(ur)]}e-'u(x-cla)A(a)((A+u/a)eb)
(B-2)
Then

) -
[gl(") 0 ]’U{l (up)[ 1(ur)+Km+|(Ur)]}{a[e'U(x-G/a)A(n)((h'”/a)eb)
N e-iu(x-c/a)A(E)((A+U/a)9b)]

+ - [e!0ea/2\ () (0 /ap
pu

e-}u(x/O/a)A(E)((x+u/a)9b)]}



R-1588

a) when meA¥0
g, (u) g, ~-u)

", [ 2 P )

e 400/ (1 _7a)0, -6~ TU0x072) B) 1y )
[ET"(m/p )lim (Ou/e o) e = b}

u

But
| _eiu(x-c/a)A(n)((k_u/a)eb)_e""(x'ola)h‘")((x*u/a)eb)
Tim

u—0 u

(n) (n)
" x-/e 3 A+u/a) e, )
l(x-q/a)[e A(n)(he )] [ (( u/a)e,) o ((BZU a)e, ] B

= 21 (x-o/a)aA™ (ng,) + 21 (eb/a)Af’-‘) (As,)

(n) (n)
M ((A-u/a)e,) ~AT ((Mu/a)e,) (7
™ lu=o= Y umo” (18,814 (Ag,)

since

with Af")(x) as defined in Appendix A

Therefore the integrand at u=0 is

2 [2] o tn/eBineore) 1P ngy ) (/o2 (e /a0 r)) (c-1a)
b) when m=A=0 the Integrand at u=0 is easily szen to be
%3 2 (o) (c-1b)

11 g=¢eN>0

i [QI(U);QI('U)]

1 2 2
= Tim =1 (agN-u) (au-a“sN+m/0){1_((aN-u)p)
u-0 u-0 U{ { m

'[Km_]((alN-u)r)+Km+'((aLN-u)r)]}ei”(x'c/a)A(a)((A_u/a)eb)

¢-2
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]

]
-

- (athru) (-au-a"them/o%) {1 ((ath+u)o)

* [Km_]((azN+U)r)+Km+l((BLN+U)r)]}e"U(X‘Gla)A(;)((h+u/a)9b)}

olo

By L'Hospital's rule

9, (u)-g,(-v) a[g,(U)-gl(-U)?]
Him [ u ] = [ du u=0

u -0

Then, whatever m ,

gy (u)-g,(-u)
J[%[——F—}E{Im(almlp)[lgn_](al!,Nlr)+Km+](a | 2N r)]}

. {[2a22N-m/p2-i(x-c/a)(aﬂN)(aeiN-m/pe)]A(a)(Aeb)
-tgsz(agzN-m/pQ)Aga)(xe b)}
s2(aN) (a2an-n/o2)A (M (ng, )
{ptatal NIk ) (@l 2 )4k (af aN[r))
+r 1 (al N[O K! ) (a] oM P)4KE (el NI T} (c-2)
where 1'(alsN]p) = -'é 1, (aleNfe + 1 (aleN]o)]
(c-2a)

Kl (a |eNjr)+K!  (aloN]r) = -'-% [K _o(a [aN|r)+2K (a] AN|r)+K (2] 2N] r)]

11l g=4N < 0 , whatever m ,

Somf ey Aot Gemat  dmed ey Qe Gy B e et B |

(gl(u)'g]('u)

u ]

= lifb%{(u-azN)(au-a2£N+m/p2){lm((u+aIzND;ﬁ[Km_‘((u+a|ENDr)+Km+]((u+a]LNDr)]}

lim
u-¢0

=4

. eiu(x‘c/a)A(ﬁ)((K-u/a)eb)

r.?3

: y 7
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= (~u-asN) (-au-aelﬂm/ pa) {l m( (~ural Nl )p)[Km_ N ((-uralen] )r)+K | ((~u+a]2N]) -)]}

e~ 1ule=0/2) ) ((rru/a)g, ) }

- -2{1 m(a(LN[p)[Km_'»l(aMN|f)+Km+|(alllN‘T)]}

. {[aaal,N-m/pa-l (x~g/a) (a£N) (aal,N-m/pg) ]A(E) (xeb)
10, tN(aZtN-n/o) a® (rey) )
+2(atN) (aa.tN-m/pe)A(a) (r6,) {pl + (a] 2N |p)[Km_l (alN|r)+K ,(al 2N] r)]

+el (al N [p)[K’;_‘ (al N| P) k!, (o |2 Ir)]} (c-3)

B, For the cas:: p> 71
The Integrand of -K‘(‘m,n) (p>r) s

[92(U) -92(—\:)] (e

u

where ga(u) is given in Eq (18b)

| q=l=0 , m=\

[M}a -uKm,(up)[lm_‘ (ul")‘i'im_._l (UI’)]

u

. {a\:e‘u (x-g/2) A(r_‘) ((x~u/a) eb) ‘e bu(x-0/a) AG) ((n+u/3) eb)]

RN (STOLN o100/ () ((aeura)e,) T}
pTu -

a) when m=A0 it can be shown that

g, (-u) :
i [32'-(-"——“3?-—”— IR It (A AR N

u-0
(c-ba)

* (im/p%) (ab/a)Ag'-‘) (xeb)}

C-ti
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b) when m=A=0
g,(1)-g,(-u)
lim [—51—-—-51—-{] -0 (C-lb)
u—0 u
Il g=IN>0

Vim [92(u) g2 u)] ” 1 { ~afN-u) (au-a EN+m/p )K ((atN~u)p?
u=0

[y (o) )41 (Catheu) ) T O/ (0 ura) )
+(athru) (-au-a"them/oO)K_((athu)p)

R R (Y B S RO (WA

= 2K (atho)[ 1, (athr)+1 | (ahr) |

{[2a21N-m/pe-l(x-c/a)azN(aQZN-m/pa)}A(;)(heb)

-|esz(aazN-m/p2)A$E)(Aob)}

-aaLN(aazN-m/pQ)A(;)(keb){?Ké(asz)[lm_‘(aLNr)+|m+l(aLNr)]
+K (atho) 1p_ ()41 (atwn) [} (cobe)

where (aLNp) - [ (aLNp)+KmH(al,Np)

and

'n'1-l (asN- )+l[:r+|(al,Nr) = —;- [Im_z(aer)+2lm(a£Nr)+lme(aer)]

C-5
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it q=gN < 0

. [92(U);93(-u)]

= lim -&{- {u-azN) (au-a2.¢N+m/p2) Km( (u+al 2] 8)p)
u~0

u-0
. e'u(x-0/8), (0) (r 1 7m) 0,)
. [lm_l((malLIN)r)-!-l"H_l((malle)r)]
+{-u-ath) (-au-a2ahm/o?)K_((-ural 21W)p)e™ MO DN ((rua )
[y (Cwral WA+ (uale i) ]
= 2 (a N[} 1,y (altN )41 (ol ¥ ]
- {[2e®th-noP-1 (x-o72) azN(aazN-m/pQ)}A('—') (Me,)
-uebzn(aazn-m/pe)Afa)(xeb)}
-QaLN(aatN-m/pg)A(a)(heb){pﬁ;(alLNlp)[Im_l(alzN|r)+lm+'(a|£Nlr)]

sk () o)1 (@l N[0+ @l N T} (cota)

(%]
[
on
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APPENDIX D

Evaluation of the Integrand of R¢ atu=0

The Integrand of i¢(m’")ls

m [f.i.'!)_;_fi;‘.’).] {p-1)

U

where f(u) = (au-a’fN+ ;"‘3)am(uu-amlp)xm(iu-azmr)ei“("‘ @ (- 26,)
q= N, £=0,21, +2, ..
Nag=1=0,m=)
Flo) = o+ B (ol arse! O 40 (- o)
Flas) = (oo 5 1 (u)K, (ur)e™" 0= DAy, By

Then

3,_'.'3 m[f(u);f(-u)] - :,.'.'3 {.'3. |m(up)Km(u,-){au[eiu(x- %)A(ﬁ)((’\' %)eb)

o, {n) u
4 ool DA (0 Doy ]

v 2 [oute DA (- Fo,)
0
el ) g)ebq}}

= 1im {amim(up)l(m(ur)[e‘u(x- %) A(ﬁ)(()\- %) ab)
u-0

¢ omlulx= D), (R) (O §)eb)]

2 Lo gy s , Sl gy o
; i:-z- 1a(up)k, (ur)[ e O3 ) (o tyg y o Tl D) %0y
u

J-1

|
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a) whenm= ) # 0

Tim £ (u)-F(-u)] _ a(g_)'“ An(rey)
r

M -
o [190 D4 (0- o) O o]
+ mj- Tl'n. (%) Him u
9 u-0

- a®" 4 (30,)

m - -
+ S @ [16- 9400, + 1 (x- 94 0,

o |3
~N [

ml 1 p " 28" Bay) ™ (G 2%
+ 2 ‘il-l; r [ Ju - 30 ]u_o
p

- e -
- @" {for1 - 98] AP (ro) + 1 2.8 4 B399 (b-1a)
P 0

b) when m = ) = 0, the integrand at u = 0 Is

! m{f(u);f(-u)] -0 (p-1b)

In fact, the entire Integral is zero.
2) g= N> 0

Him mf f(u)-f(-u)] L limm
w0 m w0 u

{(au-azzN+ ﬁ%)lm((aLN-u)p)Km((alN-U)f)

-
o= M) (e Joy)

- (~au-aZ g p%)lm((aWu)p)Km(al,Mu)r)
e tute- D A (o)}

By L'Hospital's rule, the integrand at u = 0 is
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:’-'; e‘:u(x- %), {[[,” (x- %) (au-azw ;'T)]|.((am-u)p)xn((am-u)r)

+ (au-azm-r -!'2- {-pl':‘((aw-u)p)lcm((am-u) r)-rlm((anl-u) p)K':‘((aM-u) r)}]
P

AP (- Do)

(n) u
AT ((a-2e, )
+ (au-apw %)lm((am‘“)P)Km((am'")r) du - b}
p

_e-lulx- %)m {[-a-l (x~- %) (-au-azl,m -%-) lm((amu)p)Km((aWU) r)
P
+ (-au-azzm %)[plr;((az,mu) p)Km((aJMu)r)+r|m((am+u)p)K,:‘((azmu)r)]
P
A (s ey

(n). u
AL+ Do)
» (el B (oI (o)) e

= 2m {[aﬂ (x- D) (-aap+ -p'-“i-)] |m(a|m|p)xm(aumr)1\('-‘) (xe,)
- (-aipw -;'%)A(E) (Aeb)[pl':‘hILNlp)Km(alLNIr)+rlm(a|LNIp)Kl:‘(al!,N|r)]
+ (-alam -:;“!-)Im(a|1.N|p)Km(aEl,Nlr)[l -e;b- 2™ (v, | (0-2)
where
|,:'(a|m|p) - -%- [Im_l(allep) + lm'(almlp)]

1
K':'(alj,Nlr) = -3 [Km_l(ai;,Nlr) + Kml(alw'r)] (p-2a)
when m = 0 the integrand is zero.

3) q=4N< O
lim m{f(u) - F(-u)] _

u-0 u

p-3
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timn {(ou-o?h + Bt ((u-sm)p)_((w-ammyr)e O~ P (. o)
u-0 u P

- (-au-aae 1 ((-u-am) o) ((u-am)r)e O T A (1 Gy}
p

it can be easily shown that

Him m{f(u) - f(-u)]
u-0 u =

n {[o+1(x- ) (-apps ) Ly(a1 MK a1 1) 2™ (xe,)
+ (-azzN+ J%)A(E)(xqb)[plé(allep)Km(a!LNlr)+r|m(aiLNIp)K$(alLN!r)]
p

9 -
+ (-ala %);m(anmlp)xm(anmlr)[! 2 Af“)(xeb)] (0-3)
P

When m = 0 the integrand Is zero.




